Journal  of  Power  Sources  215  (2012)  170-178 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


pri 

Sbb..«jtS 


Effect  of  glutaric  anhydride  additive  on  the  LiNio.4Mn1.6O4  electrode/electrolyte 
interface  evolution:  A  MAS  NMR  and  TEM/EELS  study 

Zhongli  Wanga,  Nicolas  Dupre3  *,  Luc  Lajaunie3,  Philippe  Moreau  a,  Jean-Frederic  Martin b, 

Laura  Boutafa  b,  Sebastien  Patoux  b,  Dominique  Guyomard  3 

aInstitut  des  Materiaux  Jean  Rouxel,  CNRS  UMR  6502,  Universite  de  Nantes,  France 
hLITEN,  CEA,  Grenoble,  France 


HIGHLIGHTS 


►  Change  of  composition  of  interphase  at  high  potential. 

►  Glutaric  anhydride  promotes  the  formation  of  fluorophosphates. 

►  Flurophosphates  are  more  stable  than  LiF  on  the  surface  of  active  material. 

►  Additive  does  not  prevent  dissolution  of  Mn  from  the  active  material. 
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Investigation  of  electrode/electrolyte  interface  of  5V  spinel  material  LiNio.4Mn1.6O4  was  carried  out  in  the 
presence  of  glutaric  anhydride  additive,  using  combined  magic  angle  spinning  NMR  spectroscopy  and 
electron  energy-loss  spectroscopy.  After  exposure  to  LiPF6  in  EC/DMC  liquid  electrolyte,  oxidation  state 
of  -fill  or  lower  has  been  evidenced  by  EELS  for  Mn  ions,  indicating  that  the  presence  of  glutaric 
anhydride  additive  in  the  electrolyte,  not  only  modifies  the  interphase,  but  does  not  prevent  chemical 
reactions  with  the  active  material.  Further  investigation  of  the  influence  of  the  additive  upon  storage  and 
cycling  was  performed  using  combined  7Li  and  19F  MAS  NMR.  The  native  interphase  formed  by  simple 
contact  of  the  active  material  with  the  electrolyte  is  partially  destroyed  at  high  potential  but  the  new 
appearing  interphase  is  overall  increasing  upon  cycling,  independently  from  the  presence  of  glutaric 
anhydride.  The  use  of  glutaric  anhydride  is  nevertheless  beneficial  as  it  clearly  restrains  the  formation  of 
lithiated  interphasial  species  and  alters  the  interphase  composition  since  the  formation  of  fluo¬ 
rophosphates  is  promoted,  lowering  the  relative  amount  of  resistive  LiF.  Although  resistive  LiF  can  be 
formed  in  significant  amount,  it  is  removed  by  the  DMC  rinsing  while  fluorophosphates  display 
a  stronger  adherence  to  the  active  material. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  are  today  the  most  promising  power 
source  of  the  portable  electronic  devices  [1].  Compared  with 
lead-acid  and  nickel-MH  batteries,  a  lithium  battery  has  higher 
power  and  energy,  making  it  appropriate  for  cell  phones  and  lap¬ 
top  computers.  Energy,  power,  safety  and  cost  are  however  still 
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issues  for  its  application  in  electric  vehicles  [2-5].  For  applica¬ 
tions  requiring  high  energy  density,  high  voltage  spinel  oxides 
are  promising  candidates.  In  this  respect,  D.  Guyomard  [6,7],  K. 
Amine  [8]  and  J.R.  Dahn  [9]  proposed  the  family  of  LiMn2.xMx04 
spinel  oxides  (M=Cr,  Fe,  Ni)  operating  around  5  V.  Among  these, 
intensive  efforts  were  devoted  to  the  development  of 
LiNio.5Mn1.5O4.  Very  recently  optimization  of  electrochemical 
performance  led  to  the  selection  of  the  LiNio.4Mn1.6O4  composi¬ 
tion  for  future  developments.  This  composition  shows  the  high¬ 
est  discharge  capacity  and  a  better  capacity  retention  than 
LiNio.5Mn1.5O4  [10,11].  For  high  voltage  spinel  compounds,  the 
main  issue  is  the  electrolyte  instability  at  high  voltage  that  can 
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lead  to  large  capacity  loss  due  to  self-discharge  and  irreversibility 
[12-16].  The  major  challenge  clearly  comes  from  the  electrolyte/ 
electrode  interface,  where  the  highly  oxidative  voltage  close  to 
5  V  vs  Li+/Li  at  the  end  of  charge  leads  to  the  decomposition  of 
both  inorganic  salt  and  organic  solvents  and  the  presence  of 
decomposition  products,  including  LiF,  fluorophosphates  and 
organic  species  on  the  surface  of  the  active  material  particles. 
This  essential  electrolyte/electrode  interface  has  been  named 
solid  electrolyte  interphase  (SEI)  [17]  and  is  expected  to  deter¬ 
mine  the  kinetics  of  Li  ion  intercalation  [18-23].  Two  approaches 
are  typically  envisaged  to  design  electrolytes  with  improved 
tolerance  to  higher  potential.  Electrolytes  using  new  solvents 
such  as  sulfones  [24,25]  or  nitriles  [26]  seem  promising  alter- 
mnatives  to  carbonates  in  this  regard.  On  the  other  hand,  the 
trace  presence  (<5%)  of  additives  diplaying  redox  properties 
tailored  for  5V  applications  [27,28]  is  expected  to  result  in  their 
complete  consumption  during  the  interphase  forming  cycle, 
leaving  no  impact  on  the  bulk  properties  of  the  electrolyte  such 
as  cost  or  viscosity  [29].  This  second  approach,  considered  as  the 
most  economic  and  effective  method  for  the  tailoring  of  inter¬ 
phases  has  been  chosen  for  the  present  work.  Anhydrides,  such 
as  glutaric  anhydride,  are  used  in  applications  such  as  corrosion 
inhibitors  and  surfactants.  The  in-situ  formation  of  a  stable 
protective  film  via  polymerization  or  decomposition  reaction 
along  the  first  charge  is  expected.  In  our  previous  work  [30],  it 
was  shown  that  the  glutaric  anhydride  additive  is  quite  efficient 
to  lower  the  self-discharge  of  LiNio.4Mn1.6O4  and  the  subsequent 
irreversible  capacity  loss.  Indeed,  no  other  family  allowed 
reaching  such  passivation  quality,  as  inferred  from  the  resulting 
electrochemical  performance.  Therefore,  glutaric  anhydride 
appears  as  a  good  candidate  to  study  the  positive  electrode 
passivation  mechanisms. 

Much  of  the  processes  and  mechanisms  taking  place  at  the 
electrolyte/electrode  interface  still  remain  poorly  understood,  in 
particular  for  high  potential  materials.  During  the  past  few  decades, 
substantial  work  has  been  done  on  analyzing  the  SEI  and  deter¬ 
mining  its  composition  [31-42],  especially  on  negative  electrodes 
such  as  graphite  [31-35,38-40].  New  lithium  salt  [43]  and  addi¬ 
tives  [27,28,44-47]  for  electrolyte  and  surface  treatment  [48]  for 
active  material  were  then  evaluated  in  order  to  promote  the 
formation  of  a  stable  passivation  layer  at  the  negative  electrode, 
hence  improving  the  electrochemical  performance.  More  recently, 
interfacial  problems  at  positive  electrode  leading  to  performance 
degradation  of  the  battery  upon  aging  and  cycling  were  also 
identified  [12,18,22,23,49-55].  The  chemical,  physical  and  struc¬ 
tural  properties  of  the  interfacial  layer  at  positive  electrode,  and  its 
modification  upon  cycling,  especially  in  the  presence  of  an  additive, 
still  need  further  investigation. 

In  order  to  get  further  insight  on  the  microstructure  and  local 
chemical  composition  of  the  interphase  formed  with  or  without  the 
help  of  glutaric  anhydride,  LiNio.4Mn1.6O4  samples  soaked  in  elec¬ 
trolyte  were  investigated  by  Transmission  Electron  Microscopy 
(TEM)  and  Electron  Energy-loss  Spectroscopy  (EELS).  In  addition  to 
the  quantitative  chemical  analysis  on  a  nanometric  scale,  analysis 
of  the  electron  energy-loss  near-edge  structures  can  also  provide 
additional  information  about  the  valence,  coordination  and  site 
symmetry  of  the  atom  undergoing  excitation  [56].  Inhere,  EELS 
spectra  showing  the  0— K,  Mn-L2,3  and  F— K  edges  were  measured 
for  the  pristine  and  soaked  samples.  From  these,  Mn/O,  F/Mn  and 
Mn  L3/L2  ratios  were  extracted  and  discussed. 

Magic  Angle  Spinning  NMR,  as  a  local  probe,  provides  infor¬ 
mation  on  the  chemical  and  structural  local  environments  of 
observed  nuclei.  Although  its  use  is  widespread  in  the  field  of 
materials  for  lithium  batteries  for  structural  characterization 
[57-62],  only  few  studies  deal  with  the  investigation  of  surface 


layers  and  electrolyte  decomposition  products  [23,53,54,63].  These 
studies  proved  the  interest  of  using  7Li  NMR  to  detect  and  char¬ 
acterize  the  surface  layer  on  a  material,  arising  after  contact  with 
atmosphere  or  with  the  electrolyte  of  a  lithium  battery.  In  addition 
to  be  quantitative  and  non-destructive,  one  of  the  advantages  of 
NMR  is  the  possibility  to  separate  clearly  and  unambiguously  the 
signal  arising  from  the  passivation  layer  from  the  signal  of  the 
electrode  active  material  [64,65].  Inhere,  the  growth  and  evolution 
of  interphases  are  monitored  by  7Li  and  19F  NMR.  While  quantita¬ 
tive  7Li  NMR  was  used  to  monitor  both  amount  of  lithiated  inter¬ 
phase  species  and  their  interaction  with  the  active  material,  19F 
NMR  allowed  discriminating  fluorinated  species  such  as  LiF  and 
fluorophosphates.  Properties  of  the  interphase  are  then  discussed 
in  the  light  of  the  influence  of  the  electrochemical  cycling  and  the 
use  of  glutaric  anhydride  as  electrolyte  additive.  Obtained  results 
are  then  put  into  perspective  with  respect  to  the  rinsing  of  the 
sample  before  ex-situ  analysis  and  the  different  adherence  or 
dissolution  properties  displayed  by  LiF  and  fluorophosphates, 
respectively. 

2.  Experimental 

LiNio.4Mn1.6O4  powders  were  obtained  through  the  solid  state 
reaction  method  described  elsewhere  [10].  Aged  samples  were 
obtained  by  soaking  the  pristine  material  for  5  min  or  2  h  in  1  M 
LiPF6  in  ethylene  carbonate/dimethyl  carbonate/propylene 
carbonate  (EC/DMC/PC,  1/1/1)  electrolyte,  with  and  without  1% 
glutaric  anhydride  additive. 

Previous  work  [5,30]  performed  in  order  to  follow  the  evolu¬ 
tion  of  the  interphase  upon  cycling  were  done  with  an  electrode 
formulation  including  PVdF,  typically  employed  in  most  studies. 
Elowever,  the  extremely  intense  sidebands  of  19F  NMR  PVdF  signal 
at  -211,  -215  and  -233  ppm  mask  almost  any  other  fluorine 
signal  from  fluorinated  species  contained  in  the  interphase.  In 
these  conditions,  it  is  obviously  difficult  to  follow  the  intensity 
changes  of  the  LiF  19F  signal  at  -205  ppm  and  even  impossible  to 
detect  and  identify  other  fluorine  containing  species  that  may  be 
present.  Previous  electrochemical  measurements  [66]  have  shown 
that  the  cycling  performance  of  CMC-based  and  PVdF-based 
LiNio.4Mn1.6O4  electrodes  are  quite  similar  validating  the  use  of 
fluorine-free  binder,  CMC-based  electrodes  to  investigate  the 
evolution  of  interphase  fluorine  species  using  19F  NMR.  Electrodes 
of  LiNio.4Mn1.6O4  were  then  processed  with  Super  P  carbon 
(TIMCAL)  as  the  conductive  agent  and  CMC  (DS  =  0.7, 
Mw  =  90,000  Aldrich)  as  binder,  according  to  the  electrode 
formulation:  85  wt.  %  active  material,  10  wt.  %  Super  P  carbon  and 
5  wt.  %  CMC.  After  sonication  of  the  slurry  for  1  h,  a  drop  of  the 
slurry  was  deposited  onto  an  aluminum  current  collector  (area 
1  cm2)  and  dried  at  100  °C  in  vacuum  for  12  h  to  remove  water 
solvent.  The  electrodes  typically  had  an  active  material  content  of 
8—10  mg  cm-2.  Resulting  electrodes  were  cycled  in  Swagelok™ 
cells,  with  a  Li  metal  counter  electrode  at  0.2C  regime  using  1  M 
LiPF6  (EC/DMC/PC,  1/1/1)  electrolyte  with  or  without  1%  glutaric 
anhydride  additive. 

Rinsed  electrodes  were  obtained  by  pouring  two  drops  of  DMC 
on  them,  just  after  opening  the  cells.  Electrodes  were  then  recov¬ 
ered  before  the  undecomposed  liquid  electrolyte  could  dry  on  their 
surface.  All  electrodes  were  subsequently  dried  overnight  under 
vacuum  at  40  °C. 

Following  the  work  of  Cuisinier  et  al.  [63],  TEM  samples  were 
prepared  by  a  soft  dry  milling  to  avoid  any  further  destruction  of  the 
interphase.  Experiments  were  performed  on  a  Elitachi  HF  2000 
(Field  Emission  Gun,  100  kV)  with  a  probe  diameter  of  20  nm.  In 
order  to  minimize  carbon  contamination  and  irradiation  damage, 
samples  were  cooled  down  at  liquid  nitrogen  temperature.  Spectra 
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were  recorded  on  a  modified  Gatan  666  parallel  spectrometer 
equipped  with  a  CCD  camera  and  a  Digipeels  command.  The  energy 
resolution  was  1.8  eV  (given  by  the  zero  loss  peak  (ZLP)  full  width  at 
half  maximum)  with  a  dispersion  of  0.3  eV  pixel-1.  Convergence  and 
collection  angles  were  respectively  of  1.4  and  18.2  mrad.  All  spectra 
were  dark  count  and  gain  corrected.  Usually  8  areas  per  sample 
were  measured  to  check  for  sample  homogeneity.  The  acquisition 
time  for  each  core-loss  spectrum  was  20  s.  Prior  to  elemental 
quantification  and  manganese  L3/L2  ratio  analysis,  spectra  were  first 
deconvoluted  by  the  ZLP  using  PEELS  software  [67].  Low-loss 
spectrum  was  then  used  to  remove  the  multiple-inelastic  effects 
in  the  core-loss  region  using  the  Fourier  ratio  technique  [68]. 
Background  intensities  at  the  O-K  and  Mn-L32  pre-edges  regions 
were  subtracted  by  fitting  an  inverse  power-law  function.  The  O/Mn 
ratios  were  corrected  by  the  k-factor  calculated  from  the  pristine 
material  [68].  For  this  purpose,  a  great  care  was  taken  to  exclude  fine 
structures  of  the  O-K  edge  (pre-peak)  in  the  choice  of  the  windows 
for  the  O/Mn  quantification.  For  the  white-line  L3/L2  ratio  determi¬ 
nation,  we  subtracted  a  calculated  hydrogenic  ionization  cross- 
section  gl32  [68].  This  was  followed  by  area  integration  (from 
638  eV  to  648  eV  and  648  eV-658  eV  for  the  L3  and  L2  edges 
respectively).  In  the  present  case,  this  method  proved  to  provide 
less  scattered  results  than  more  classical  approaches  including 
Gaussian  or  Lorentzian  fits  [69]  due  to  the  asymmetry  of  the  L3 
edge  shape  for  highly  reduced  Mn  compounds  [56]. 

7Li  and  19F  NMR  measurements  were  carried  out  at  room 
temperature  on  a  Bruker  Avance-500  spectrometer  (BO  =  11.8  T, 
Larmor  frequency  vo  =  194.369  MHz  for  7Li  resonance  and 
v0  =  470.592  MHz  for  19F  resonance).  Single-pulse  MAS  spectra 
were  obtained  by  using  a  Bruker  MAS  probe  with  a  cylindrical 
2.5  mm  o.d.  zirconia  rotor.  Spinning  frequencies  up  to  25  kHz  were 
used.  A  short  single  pulse  length  of  1  ps  corresponding  to 
a  nonselective  tc/2  pulse  was  applied.  For  Li  spectra,  recycle  time 
was  in  the  0.5  s  range  and  a  spectrometer  dead  time  (preacquisition 
delay)  of  5  ps  was  used  before  each  acquisition.  19F  NMR  spectra 
were  acquired  using  a  Hahn  echo  sequence  to  discard  the  signifi¬ 
cant  contribution  from  the  probe  signal  and  a  5  s  recycle  time  and 
a  3  ps  pulse  were  used.  The  isotropic  shifts,  reported  in  ppm,  are 
relative  to  an  external  reference  made  of  1  M  aqueous  solution  of 
LiCl  and  CCI3F  set  at  0  ppm  for  7Li  and  19F  resonances,  respectively. 
In  order  to  perform  a  quantitative  analysis,  the  different  spectra 
were  analyzed  considering  the  total  integrated  intensity  of  the 
signal  for  each  sample.  The  spectra  displayed  in  this  work  were 
normalized  taking  into  account  the  number  of  scans  and  the  mass 
of  sample.  The  notation  of  samples  used  in  this  work  is  described  in 
Table  1. 

3.  Results  and  discussion 

3.1.  Contact  with  electrolyte 

The  particle  size  of  pristine  materials  is  in  the  order  of 
micrometers,  which  is  not  suitable  for  TEM-EELS  analysis.  In  order 
to  also  provide  a  larger  surface  area  for  the  interphase  to  appear 


Table  1 

Samples  studied  by  MAS  NMR.  All  electrodes  were  cycled  between  3.5  and  5  V  with 
a  counter  electrode  of  metallic  lithium. 


Sample 

Electrolyte  (additive) 

Binder 

Washing 

Cycling  experiment 

Series  1 

No 

CMC 

No 

1  cycle 

Series  2 

Yes 

CMC 

No 

1  cycle 

Series  3 

Yes 

CMC 

No 

100  cycles 

Series  4 

Yes 

CMC 

Yes 

1 00  cycles 

Additive  :  glutaric  anhydride;  Washing  agent :  DMC. 


and  its  morphology  and  chemical  composition  to  be  determined, 
TEM/EELS  experiments  were  carried  out  on  samples  ball-milled 
prior  to  soaking  in  electrolyte.  In  addition,  since  the  binder- 
carbon  clusters  covering  the  surface  disturbs  the  observation  of 
the  interphase,  these  experiments  were  performed  on  bare  mate¬ 
rial  and  not  on  composite  electrodes. 

In  Fig.  1,  TEM  micrographs  are  presented  corresponding  to  both 
soaked  samples  (b)  with  and  (a)  without  glutaric  anhydride  addi¬ 
tive.  As  a  result  of  ball  milling,  grains  with  various  sizes  and  shapes 
are  observed.  A  homogenous  surface  layer  covering  the  whole 
surface  of  grains  was  in  fact  never  evidenced  in  these  TEM  exper¬ 
iments.  Deposits  with  a  particular  microstructure  (amorphous-like, 
round-shape  morphology)  were  observed  (red  circles  in  Fig.  1) 
instead,  and  seem  to  be  trapped  in  between  grains.  EELS  analyses 
were  performed  on  these  deposits  to  investigate  their  chemical 
composition. 

EELS  spectra  for  interfacial  deposits  on  pristine,  and  soaked 
samples  with  and  without  additive,  are  presented  in  Fig.  2. 
Whereas  the  O-K  (around  530  eV)  and  Mn-L2,  3  edges  (around 
640  eV)  can  be  observed  for  the  three  samples,  the  F— K  edge 
(around  690  eV)  is  only  detected  in  the  case  of  the  soaked  samples. 


a  100 nm 


b  100  nm 


Fig.  1.  TEM  micrographs  of  the  samples  milled  and  soaked  without  (a)  and  (b)  with 
additive.  The  probed  areas  are  highlighted  by  red  circles.  (For  interpretation  of  the 
references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of 
this  article.) 
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Energy  (eV) 


Fig.  2.  EELS  spectra  ranging  from  510  to  750  eV  for  the  pristine  and  soaked  materials 
(with  and  without  additive).  Two  different  areas  are  given  in  the  case  of  soaked 
materials  to  reflect  the  disparity  of  the  EELS  spectra. 

It  thereby  confirms  the  presence  of  the  electrolyte  and/or  byprod¬ 
ucts  in  these  deposits.  For  each  soaked  sample,  two  spectra  are 
shown  to  reflect  the  disparity  of  the  EELS  spectra,  more  particularly 
regarding  the  fine  structures  of  the  0— K  edges.  Indeed,  for  the 
pristine  material  the  0— K  edge  exhibits  a  pre-peak  at  532.4  eV 
which  is  attributed  to  the  transition  of  the  Ols  electron  to  the 
hybridized  state  of  transition  metal  3d  and  O  2p  orbitals.  [70,71  ]  For 
the  soaked  samples,  this  pre-peak  is  observed  either  with  a  smaller 
intensity  (spectra  S2  and  SA1  in  Fig.  2)  or  is  barely  seen  (SI  and 
SA2).  When  present,  this  pre-peak  is  also  shifted  towards  higher 
energy  (533.5  eV  for  SA1  for  instance)  thus  showing  the  modifi¬ 
cation  of  the  oxygen  local  environment  compared  to  the  pristine 
material  and  excluding  the  presence  of  pristine  material  in 
noticeable  amount  in  the  probed  area.  O-K  edge  is  very  sensitive  to 
the  ligand  field  which  can  give  very  important  information  about 
the  chemical  binding  between  the  metal  atom  and  ligand. 
According  to  literature  [70,71],  oxygen  I<  edge  pre-peak  shifts  to 
higher  energy  together  with  decreasing  intensities  indicate  a  lower 
oxidation  state  for  the  transition  metal  linked  to  these  oxygen 
atoms. 

From  EELS  spectra,  O/Mn,  F/O  and  Mn  L3/L2  ratios  were  extrac¬ 
ted  and  are  reported  in  Table  2.  The  most  striking  result  lies  in  the 
difference  of  L3/L2  ratios  between  the  pristine  and  soaked  samples. 
For  the  pristine  material  that  exhibits  almost  an  only  Mn(IV) 
valence  state,  a  ratio  of  2.1  is  found,  in  good  agreement  with  the 
work  of  Wang  et  al.  [72].  These  results  for  the  pristine  material  are 
extremely  reproducible  thus  validating  our  method  to  extract  Mn- 
L32  ratios.  For  both  soaked  samples,  the  L3/L2  ratios  are  similar  and 
always  higher  than  2.1,  thus  corresponding  to  more  reduced 
manganese  compounds  (Mn(III)  or  even  lower  [72]).  This  result 
highlights  that  the  contact  of  the  electrolyte  with  the  starting 
material  yields  to  the  degradation  of  the  active  material,  hence 
forming  manganese-containing  products  that  are  trapped  or 
included  in  the  interphase.  Since  the  Mn-L3/L2  ratios  are  similar  for 
both  soaked  samples,  it  suggests  that  the  additive  has  no  or  little 


Table  2 

O/Mn,  F/O  and  L3/L2  ratios  deduced  from  EELS  spectra.  *  The  O/Mn  ratios  were 
corrected  by  the  k-factor  calculated  from  the  pristine  material. 


Samples 

O/Mn* 

F/O 

l3/l2 

Pristine 

2.5  ±  0.2 

0 

2.1  ±  0.1 

Without  additive 

3.3  ±  0.2 

0.7  ±  0.3 

3.0  ±  0.6 

With  additive 

2.4  ±  0.3 

1.0  ±  0.5 

3.1  ±  0.6 

influence  on  the  manganese  valence  state  of  these  manganese  rich 
interphasial  products. 

Although  the  proximity  of  the  Mn-L32  edges  with  the  F— K  edge 
prevents  a  precise  measurement  of  the  fluorine  K  edge  intensity,  F/ 
O  ratios  clearly  appear  extremely  scattered,  reflecting  a  sizeable 
inhomogeneity  of  the  deposits.  The  O/Mn  ratio  for  the  soaked 
sample  without  additive  is  higher  than  for  the  soaked  sample  with 
additive.  For  the  latter,  values  are  close  to  those  of  the  pristine 
material.  The  possible  reasons  for  this  apparent  excess  of  oxygen 
will  be  discussed  further  on. 

L3/L2  ratios  as  a  function  of  F/O  and  O/Mn  ratios  are  shown  in 
Fig.  3a  and  b.  There  is  a  clear  correlation  between  the  F/O  and  Mn- 
L32  ratios:  the  more  fluorine,  the  lower  the  manganese  valence 
state  is  (high  L3/L2  values).  This  observation  suggests  that  the 
starting  material  is  thus  more  degraded  when  large  amounts  of 
electrolyte  decomposition  products  are  present,  allowing  to 
correlate  the  two  processes.  Since  the  trend  is  similar  for  both 
soaked  samples,  the  presence  of  additive  does  not  seem  to  have 
a  strong  influence  on  this  degradation.  Nevertheless,  transmission 
microscopy  techniques  probe  on  a  very  local  scale  and  an  absolute 
quantification  of  the  total  amount  of  manganese  contained  in  the 
interphase  is  not  possible.  It  is  therefore  not  yet  possible  to 
conclude  on  the  influence  of  additive  on  the  dissolution/corrosion 
of  the  active  material  except  that  the  phenomenon  is  not 


O/Mn 


Fig.  3.  Variation  of  L3/L2  ratio  as  a  function  of  (a)  F/O  and  (b)  O/Mn  ratios  for  the 
soaked  samples  with  (red  squares)  and  without  additive  (black  circles).  Data  corre¬ 
sponding  to  the  pristine  material  are  added  (blue  triangles)  as  a  reference.  (For 
interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to 
the  web  version  of  this  article.) 
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completely  suppressed.  Due  to  the  statistical  dispersion,  such 
influence  could  however  be  missed  at  this  very  local  scale. 

L3/L2  and  O/Mn  ratios  do  not  seem  to  be  correlated.  The 
apparent  excess  of  oxygen  for  the  soaked  sample  without  additive 
is  therefore  not  correlated  to  the  presence  of  manganese 
compounds  in  the  interphase  and  should  rather  be  attributed  to 
oxygen  containing  organic  species. 

To  obtain  further  information  about  the  interphase  composition, 
in  particular  on  the  evolution  of  the  species  coming  from  the 
decomposition  of  the  LiPF6  salt,  19F  and  7Li  NMR  have  been  per¬ 
formed.  7Li  and  19F  NMR  spectra  of  samples  soaked  for  various 
amounts  of  time  in  the  conventional  LiPF6  (1M  EC:DMC  1:1) 
without  additive  are  shown  in  Figs.  4a  and  5a,  respectively.  The 


Chemical  Shift  /  ppm 


corresponding  spectra  of  samples  soaked  in  electrolyte  with  addi¬ 
tive  are  shown  in  Figs.  4b  and  5b,  respectively.  The  evolution  of  the 
7Li  integrated  intensity  for  the  corresponding  spectra  is  displayed 
in  Fig.  6a.  The  increase  of  the  7Li  intensity  reflects  the  ongoing 
deposition  of  lithiated  species  with  soaking  time.  This  trend  is 
observed  for  both  electrolytes  with  and  without  additive  although 
it  appears  to  be  exacerbated  when  the  additive  is  not  present  in  the 
electrolyte.  The  higher  amount  of  lithiated  species  detected  for  the 
additive-free  electrolyte  is  consistent  with  our  previous  work  [30]. 
The  integrated  19F  NMR  intensities  of  surface  LiF  and  LixPFy/LixPOyFz 
signals  were  quantified  by  fitting  the  spectra  using  the  software 
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Fig.  4.  Normalized  7Li  MAS  NMR  spectra  for  (a)  Series  1  (no  additive)  and  (b)  Series  2  Fig.  5.  Normalized  19F  MAS  NMR  spectra  for  (a)  Series  1  (no  additive)  and  (b)  Series  2 
(with  additive).  (with  additive). 
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Fig.  6.  Evolution  of  the  (a)  normalized  integrated  intensities  of  7Li  MAS  NMR  spectra 
depending  on  different  electrochemical  situations  for  Series  1  and  2.  (b)  FWHM  of  7Li 
NMR  spectra  normalized  to  the  height  depending  on  different  electrochemical  situa¬ 
tions  for  Series  1  and  2.  *1:  soaked  5min;  II:  soaked  2  h;  III:  the  first  charge  to  4.4  V;  IV: 
first  charge  to  5.0  V;  V:  subsequent  discharge  to  4.4  V. 


Table  3 

Percentages  fluorine  in  LiF  and  LiPyFz/LixPOyFz  for  the  CMC  electrodes  series  3  and 
series  4. 


Sample 

No  additive 

With  additive 

LiF  % 

LiPyFz/LixPOyFz  % 

LiF  % 

LiPyFz/LixPOyFz  % 

Soaked  5  min 

52 

48 

48 

52 

Soaked  2  h 

63 

37 

30 

70 

Charge  4.4  V 

52 

48 

10 

90 

Charge  5.0  V 

50 

50 

4 

96 

Discharge  4.4  V 

40 

60 

26 

74 

fine  structures  are,  unfortunately,  not  characteristic  enough  to  allow 
a  definitive  attribution  on  the  chemical  environment  of  fluorine  in 
the  interphase.  Nevertheless,  obvious  differences  between  the 
additive  electrodes  and  additive-free  electrodes  appear  on  the  19F 
NMR  spectra  (Fig.  5a  and  b)  allowing  discrimination  between  these 
two  types  of  species.  As  a  matter  of  fact,  a  larger  amount  of  fluo- 
rophosphates  is  observed  for  both  soaked  samples  when  glutaric 
anhydride  is  added  to  the  electrolyte.  Indeed,  the  signals  ascribed  to 
fluorophosphates  dominate  the  LiF  signal  and  represents  52  and  70% 
after  5  min  and  2  h,  respectively.  These  results  indicate  clearly  the 
preferential  formation  of  fluorophosphates  when  glutaric  anhydride 
is  used,  even  for  a  plain  exposure  with  the  electrolyte.  While  the 
reaction  of  LiPF6  with  trace  water  leads  typically  to  deposits  of  mostly 
LiF,  a  non-negligible  amount  of  fluorophosphates  would  require  the 
organic  solvent  molecules  or  the  additive  molecules  to  be  involved  in 
the  reaction.  Therefore,  the  observed  change  in  the  composition  of 
the  interphase  then  suggests  that  glutaric  anhydride  either  promotes 
a  reaction  involving  the  solvents  of  the  electrolyte  or  reacts  with  the 
salt  or  its  decomposition  products  to  form  these  fluorophosphates. 

The  excess  of  oxygen  detected  in  the  interphase  by  EELS  for  the 
additive-free  electrolyte  may  be  due  to  either  a  higher  ratio  of 
organic  species  in  the  interphase,  to  a  higher  amount  of  interphase 
on  the  surface  or  to  the  presence  of  different  organic  molecules 
containing  a  higher  number  of  oxygen  atoms.  The  first  possibility 
can  be  ruled  out  since  a  higher  amount  lithiated  species,  and  in 
particular  LiF,  is  measured  in  the  case  of  the  additive-free  electro¬ 
lyte.  Fluorophosphates  are  typically  coming  from  the  decomposi¬ 
tion  of  the  electrolyte,  involving  inorganic  salt  as  well  as  the  solvent 
[75].  Therefore,  a  higher  amount  of  organic  byproducts  can  also  be 
expected  when  more  fluorophosphates  are  formed.  This  is  not  the 
case  for  the  additive-free  electrolyte.  This  is  in  agreement  with  XPS 
results  published  elsewhere  [30]  indicating  the  formation  of 
a  thicker  organic  interphase  after  an  extended  exposure  or  cycling, 
when  the  additive  is  used.  Thus,  the  second  hypothesis  can  be  also 
ruled  out  and  it  seems  reasonable  to  ascribe  the  oxygen  excess  to 
the  different  nature  of  the  organic  species  coming  from  the 
decomposition  depending  on  the  addition  of  glutaric  anhydride.  It 
appears  therefore  that  the  use  of  glutaric  anhydride  leads  not  only 
to  a  preferential  formation  of  fluorophosphates  but  also  alters  the 
nature  of  the  organic  species  contained  in  the  interphase. 


3.2.  Electrochemical  cycling 

DMfit2010  [73]  and  values  are  reported  in  Table  3.  For  the  sample 

soaked  in  the  additive-free  electrolyte  for  5  min,  52%  of  the  19F  NMR  Considering  now  the  evolution  of  the  interphase  upon  the  first 

signal  rises  at  -205  ppm  (Table  3  and  Fig.  5a)  and  corresponds  to  electrochemical  cycle,  the  7Li  NMR  signal  after  the  first  charge  to 

LiF.  Two  other  broad  resonances  are  detected  at  -72  and  -80  ppm  5  V  is  lower  than  those  observed  at  4.4  V  during  the  first  charge  and 

and  assigned  to  LixPFy/LixPOyFz  fluorophosphates  [74].  The  signal  the  subsequent  discharge  (Fig.  4).  It  suggests  that  interphase 

assigned  to  LiF  clearly  increases  with  soaking  time,  reaching  63%  species  are  partially  destroyed  or  contain  less  lithium  species  after 

after  2  h  and,  suggesting  that  the  increase  of  the  intensity  observed  an  exposure  at  high  potential.  This  process  seems,  in  addition,  to  be 

in  7Li  NMR  corresponds  mainly  to  LiF  formation.  reversible.  This  result  is  also  in  agreement  with  the  data  obtained 

Similar  species  are  detected  for  samples  soaked  in  electrolyte  from  the  PVdF  electrodes  [30]  indicating  a  lower  7Li  integrated 

with  or  without  additive,  namely  LiF  and  fluorophosphates  (Fig.  5).  intensity  after  14  days  of  rest  in  the  charged  state  with  respect  to 

Corresponding  TEM/EELS  experiments  indicate  that  fluorine  K-edge  a  single  charge,  confirming  the  existence  of  a  high  potential 
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phenomenon  corresponding  to  either  a  partial  destruction  of  the 
interphase  or  a  decrease  of  the  interphase  lithium  content. 
Comparing  the  width  of  sidebands  manifold  between  soaked  and 
cycled  samples  (Fig.  6b),  it  is  worth  noting  two  different  types  of 
profiles.  Cycled  samples  show  a  broader  sidebands  manifold  profile 
while  soaked  samples  show  a  thinner  and  sharper  profile. 
Considering  the  higher  integrated  intensity  observed  for  the  soaked 
samples,  it  seems  reasonable,  in  that  case,  to  ascribe  the  change  of 
profile  of  the  sidebands  manifold  to  the  amount  of  lithiated  species 
stacked  on  the  surface  of  the  active  material  [64,76]  but  no  change 
in  the  interaction  between  the  interphase  and  the  active  material 
surface  can  be  evidenced  here.  Further  comparison  of  the  profiles  of 
sidebands  manifold  will  be  discussed  in  the  following. 

The  quantification  of  integrated  19F  NMR  intensities  of  surface 
species  (Table  3)  does  not  lead  to  significant  variation  of  LiF  and 
LixPOyFz  percentages  for  electrodes  charged  to  4.4  V  in  an  additive- 
free  electrolyte  with  respect  to  the  electrode  soaked  for  5  min  in  the 
electrolyte.  Indeed,  after  the  first  charge  to  4.4  V,  the  19F  signal  of  LiF 
(52%)  still  dominates  that  of  LixPFy/LixPOyFz  (48%).  The  integrated 
intensity  is  much  lower  with  respect  to  the  soaked  samples,  in 
agreement  with  7Li  results.  On  the  contrary,  there  is  a  clear  change 
in  the  interphase  composition  for  the  electrode  after  an  oxidation 
to  5  V.  The  major  signal  seems  to  correspond  to  LixPFy/LixPOyFz 
fluorophosphates. 

The  total  amount  of  detected  fluorine  does  not  change  signifi¬ 
cantly  from  charge  4.4  V— 5  V.  Combined  with  the  decrease  of 
intensity  observed  in  7Li  NMR,  this  result  seems  to  be  consistent 
with  the  transformation  or  conversion  of  LiF  to  LixPFy/LixPOyFz  and 
a  decreasing  Li/F  ratio.  Moreover,  the  formation  of  fluorophosphates 
is  irreversible  as  the  subsequent  discharge  down  to  4.4  V  does  not 
change  this  situation  back  and  19F  signals  are  still  arising  mainly 
from  fluorophosphates.  The  discharge  to  4.4  V  seems  then  to  lead  to 
an  increase  of  the  amount  of  fluorophosphates  on  the  surface  of  the 
active  material  particles  characterized  by  an  increase  of  both  7Li  and 
19F  integrated  intensities. 

The  evolutions  of  the  integrated  intensities  of  7Li  NMR  spectra  of 
cycled  samples  (Fig.  6a)  follow  the  same  trend,  whether  the  addi¬ 
tive  is  used  or  not,  and  although  there  is  always  less  intensity  when 
additive  is  used.  Again,  a  larger  amount  of  fluorophosphates  in  the 
interphase  composition  is  noticed  on  the  19F  NMR  spectra  for 
electrodes  cycled  in  the  presence  of  additive  (Fig.  5  and  Table  3). 
Moreover,  the  signals  ascribed  to  fluorophosphates  clearly  domi¬ 
nate  (90%)  the  LiF  signal  (10%)  after  the  first  charge  to  4.4  V.  This 
result  confirms  that  glutaric  anhydride  is  actually  promoting  the 
formation  of  fluorophosphates. 

After  a  charge  to  5.0  V,  the  19F  signal  corresponding  to  LiF  almost 
disappears  but  is  detected  again  after  the  subsequent  discharge  to 
4.4  V,  although  the  intensity  is  quite  low.  Considering  the  signal  to 
noise  ratio,  it  is  not  possible  to  completely  rule  the  presence  of  LiF 
at  5.0  V  out.  This  seems  to  indicate  that  the  LiF  formed  by  simple 
contact  between  electrodes  and  electrolyte  is  decomposed  or  dis¬ 
solved  at  high  potential,  possibly  to  be  partially  converted  in  fluo¬ 
rophosphates.  It  seems  that  LiF  is  then  formed  again  during  the 
reduction  process.  A  change  in  the  respective  intensities  of  signals 
at  -70  and  -80  ppm  can  also  be  noticed  between  soaked  and 
cycled  samples.  As  a  matter  of  fact,  the  intensity  at  -80  ppm  is 
much  higher  than  that  at  -70  ppm  for  the  soaked  samples  as 
opposed  to  the  cycled  ones.  Thus,  although  fluorophosphates  seem 
to  be  promoted  by  the  presence  of  glutaric  anhydride  in  the  elec¬ 
trolyte,  there  is  still  a  clear  influence  of  the  potential  applied  to  the 
sample  on  the  type  of  fluorophosphates  formed. 

The  evolution  of  the  widths  of  the  7Li  sidebands  manifold  (Fig.  6b) 
has  a  much  lower  magnitude  in  the  case  of  electrodes  cycled  in  the 
presence  of  glutaric  anhydride.  This  indicates  that  the  overall  change 
in  the  interaction  between  Li  in  the  interphase  and  the  surface  of  the 


active  material  is  occurring  with  a  lesser  extent  compared  to  the  case 
of  the  additive-free  electrolyte.  Since  the  amount  of  surface  lithium  is 
changing  upon  aging  or  cycling,  this  evolution  suggests  that  lithium 
species  formed  or  removed  along  the  dissolution/deposition 
processes,  are  more  homogenously  distributed  on  the  surface  of  the 
active  material  and  exhibit  a  more  pronounced  trend  to  cover  its 
surface  instead  of  stacking  on  the  top  of  each  other. 

On  the  contrary,  for  the  electrodes  cycled  without  additive, 
larger  fluctuations  of  widths  are  observed,  exhibiting  a  minimum 
for  the  sample  soaked  for  2  h  and  a  maximum  for  sample  oxidized 
to  5  V.  These  two  points  correspond  to  the  maximum  and  minimum 
of  lithium  amount,  respectively.  For  all  samples  soaked  or  cycled 
without  additive,  the  FWFIM  decreases  when  the  amount  of  lithium 
increases,  consistent  with  the  stacking  of  lithiated  species  and 
significant  variations  of  thickness  characteristic  of  a  more  inho- 
mogenous  interphase  layer. 

Put  together,  these  results  are  in  agreement  with  the  data 
obtained  for  PVdF  electrodes  [30]  indicating  that  glutaric  anhydride 
restrains  the  formation  of  lithiated  species  due  to  the  decomposi¬ 
tion  of  electrolyte  and  leads  to  a  more  homogenous  interphase.  In 
addition,  glutaric  anhydride  alters  the  chemical  composition  of  the 
interphase  by  promoting  the  formation  of  LixPFy/LixPOyFz  rather 
than  LiF,  known  to  be  resistive. 

In  order  to  investigate  the  stability  of  the  interphase  upon  an 
extended  cycling,  7Li  (Fig.  7a)  and  19F  (Fig.  7c)  NMR  were  performed 
on  electrodes  cycled  with  additive  for  different  cycle  numbers. 
Normalized  intensities  are  compared  before  and  after  the  rinsing 
process  using  DMC  (Fig.  7b  and  d).  After  rinsing  the  electrodes  with 
DMC,  the  observed  7Li  NMR  (Fig.  7b)  intensities  are  quite  different 
for  the  electrodes  after  1  cycle  and  100  cycles  while  the  intensities 
stay  extremely  low  and  of  comparable  magnitudes  for  the  sample 
after  1  charge. 

The  corresponding  19F  spectra  (Fig.  7c)  indicate  that  the  main 
component  after  1  cycle  and  100  cycles,  prior  to  rinsing,  corresponds 
to  LiF.  Other  broad  components  of  the  spectra  that  can  be  found 
between  -70  and  -80  ppm  are  assigned  to  LixPFy/LixPOyFz  although 
a  weak  contribution  from  pristine  LiPF6  cannot  be  rule  out.  After 
rinsing,  most  of  the  LiF  (Fig.  7d)  is  gone  but  the  fluorophosphates  are 
still  observed,  suggesting  a  higher  stability  on  the  surface  of  the 
active  material.  This  is  confirmed  by  spectra  corresponding  to  1 
charge.  The  19F  spectrum  of  the  electrode  before  any  rinsing  process 
displays  mostly  fluorophosphates  and  LiF  is  barely  detected.  The  19F 
and  7Li  spectra  (Fig.  7b  and  d)  acquired  after  rinsing  with  DMC  show 
no  significant  change  in  the  interphase  composition.  19F  signals  are 
mainly  assigned  to  fluorophosphates  and  no  significant  change  in 
integrated  intensity  can  be  noticed.  These  results  show  unambigu¬ 
ously  the  effect  of  rinsing  and  indicate  that  LiF  coming  from  the 
decomposition  of  the  electrolyte  is  mostly  removed  by  this  process. 

In  addition,  comparing  the  sample  after  1  cycle  and  those  after 
of  30  and  100  cycles,  the  overall  integrated  intensity  of  surface 
lithiated  species  is  found  to  be  lower  after  a  longer  cycling  although 
the  signal  increases  between  30  and  100  cycles.  These  results 
support  the  LiF  formation  and  partial  removal  during  cycling,  so 
that  it  accumulates  as  it  is  confirmed  by  the  increase  of  the  19F 
signal  corresponding  to  LiF  between  30  and  100  cycles.  In 
comparison,  no  significant  evolution  can  be  observed  between 
rinsed  electrodes  after  1  and  100  cycles,  confirming  the  good 
stability  of  the  formed  fluorophosphates  towards  cycling. 

First,  these  rinsing  experiments  allow  evidencing  that  inter¬ 
phase  layers  can  have  different  adherence  to  the  active  material, 
depending  on  their  compositions.  LiF  is  mostly  removed  by  the 
preparation  of  samples  for  ex-situ  analysis.  These  experiments 
therefore  shed  light  on  the  great  care  that  has  to  be  taken  when 
analyzing  samples  using  ex-situ  techniques,  as  it  can  alter  conclu¬ 
sions.  In  the  light  of  the  comparison  of  electrodes  from  series  1  and 
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Fig.  7.  Normalized  7Li  MAS  NMR  spectra  for  (a)  Series  3  (not  washed)  and  (b)  Series  4  (washed).  Normalized  19F  MAS  NMR  spectra  for  (c)  Series  3  (not  washed)  and  (d)  Series  4 
(washed). 


series  2,  conclusions  about  the  influence  of  the  glutaric  anhydride 
on  the  composition  of  the  interphase  have  to  be  put  in  perspective. 
Although  the  formation  of  fluorophosphates  seems  to  be  promoted, 
it  appears  that  LiF  is  still  formed  in  significant  amount  but  most  of  it 
is  actually  washed  out  and  removed  by  the  DMC  rinsing  during  the 
preparation  of  samples  for  ex-situ  analysis.  LiF  is  known  to  be  quite 
resistive  and  the  better  electrochemical  performance  could  have 
been  mistakenly  assigned  only  to  a  lower  amount  of  inorganic 
fluorinated  species  when  glutaric  anhydride  is  used.  In  fact,  the 
addition  of  glutaric  anhydride  to  the  electrolyte  seems  to  lead  to  an 
interphase  composition  which  is  more  resistant  to  dissolution  in 
DMC,  whether  inside  the  battery  along  the  cycling  process  or 
during  the  rinsing  process  prior  to  analysis.  This  work  confirms  also 
that  modifying  the  interphase  architecture  and/or  composition  is 
possible  and  efficient  to  improve  the  electrochemical  performance 
of  existing  systems. 

4.  Conclusions 

Combined  TEM/EELS  and  MAS  NMR  allowed  giving  further 
insights  on  the  chemistry  of  the  interphase  formed  on  the  surface  of 
LiNio.4Mn1.6O4  from  its  reaction  with  liquid  LiPF6  electrolyte  as  well  as 
on  the  modifications  brought  by  the  use  of  glutaric  anhydride  additive. 

The  reactions  occurring  at  the  electrode/electrolyte  are  clearly 
modified  by  the  presence  of  glutaric  anhydride  as  the  formation  of 
fluorophosphates  is  promoted.  NMR  proved  to  be  very  efficient  in 
probing  the  interphase.  Nevertheless,  degradation  of  the  active 
material,  leading  to  the  presence  of  manganese  within  the  inter¬ 
phase  and  invisible  to  NMR,  could  be  evidenced  by  complementary 
TEM/EELS.  As  a  matter  of  fact,  the  clear  correlation  between  the 
increasing  amount  of  fluorinated  species  on  the  surface  and  the 


lower  valence  of  Mn  suggests  that  a  chemical  reaction,  rather  than 
a  physical  adsorption,  produces  the  interphase.  It  appears  that  the 
use  of  glutaric  anhydride  change  the  composition  of  the  interphase 
but  does  not  stop  the  degradation  of  the  active  material.  According 
to  the  results  of  7Li  and  19F  NMR,  glutaric  anhydride  additive 
promotes  a  more  homogenous  interphase  containing  more  LixPFz/ 
LixPOyFz  fluorophosphates.  In  addition,  these  species  seem  to  be 
more  stable  on  the  surface  of  active  material,  as  shown  by  rinsing 
experiments.  This  better  stability  of  LixPFz/LixPOyFz  compared  to  LiF 
on  LiNio.4Mn1.6O4  surface  might  yield  a  better  protection  and 
a  more  efficient  passivation  layer.  In  particular,  the  destruction  of 
the  LiF  component  of  the  interphase  at  high  potential  might  lead  to 
the  exposure  of  bare  surface  of  LiNio.4Mn1.6O4  to  the  electrolyte  and 
to  subsequent  interfacial  reactions  and  an  important  self-discharge. 
Altering  the  composition  of  the  interphase  by  promoting  more 
stable  fluorophosphates  seems  to  be  a  good  way  to  circumvent  this 
high  potential  phenomenon.  These  results  lead  to  an  improved 
understanding  of  the  stability  of  interphase  and  the  influence  of  an 
additive,  on  the  characteristics  of  the  interphase. 
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